This letter investigates the effect of a deep F ϩ implant on the diffusion of boron in silicon. The effects on boron thermal diffusion and transient enhanced diffusion are separately studied by characterizing the diffusion of a buried boron marker layer in wafers with and without a 185 keV, 2.3 ϫ10 15 cm Ϫ2 F ϩ implant, and with and without a 288 keV, 6 ϫ10 13 cm Ϫ2 P ϩ implant. In samples given both P ϩ and F ϩ implants, the fluorine completely eliminates the transient, enhanced boron diffusion caused by the P ϩ implant, and in samples implanted with F ϩ only, the fluorine suppresses the boron thermal diffusion by 65%. These results are explained by the effect of the fluorine on the vacancy concentration in the vicinity of the boron profile.
This letter investigates the effect of a deep F ϩ implant on the diffusion of boron in silicon. The effects on boron thermal diffusion and transient enhanced diffusion are separately studied by characterizing the diffusion of a buried boron marker layer in wafers with and without a 185 keV, 2.3 ϫ10 15 cm Ϫ2 F ϩ implant, and with and without a 288 keV, 6 ϫ10 13 cm Ϫ2 P ϩ implant. In samples given both P ϩ and F ϩ implants, the fluorine completely eliminates the transient, enhanced boron diffusion caused by the P ϩ implant, and in samples implanted with F ϩ only, the fluorine suppresses the boron thermal diffusion by 65%. The minimization of boron diffusion is vitally important in metal-oxide-semiconductor ͑MOS͒ transistors for the control of short channel effects, 1 and in bipolar transistors for achieving narrow base widths and hence high values of cutoff frequency.
2, 3 However, this is difficult to achieve in practice because of both boron thermal diffusion and transient, enhanced diffusion due to damage created during ion implantation. 4 Recently, there has been considerable interest in the use of fluorine to suppress transient enhanced boron diffusion ͑TEBD͒ in silicon. [5] [6] [7] [8] [9] [10] [11] Early work showed that reduced TEBD was obtained when BF 2 ϩ was implanted instead of B ϩ . 5 In a later work, Ohyu et al. 6 implanted F ϩ separately and showed that the fluorine implant reduced TEBD and increased the boron activity. However, there have also been contradictory reports in the literature, which showed that fluorine implants had little or no effect on boron diffusion 12 and even enhanced boron diffusion in amorphous silicon. 13 While there has been considerable research on the effect of fluorine on TEBD, little has been published on the effects of fluorine on the thermal diffusion of boron. In this letter, a study is made of the effect of fluorine on the diffusion of boron in buried marker layers. Samples with and without a P ϩ implant are studied so that the effect of fluorine on both TEBD and thermal diffusion can be separately characterized. It is shown that fluorine not only eliminates TEBD, but also dramatically reduces boron thermal diffusion.
Molecular-beam epitaxy ͑MBE͒ at 520°C was used to grow buried boron-doped marker layers on ͑100͒ silicon wafers. Samples of the same epitaxial layer were separated into four different groups, the first having no implants ͑unim-planted͒, the second having a phosphorus implant only (P ϩ implanted͒, the third a phosphorus and a fluorine implant (P ϩ and F ϩ implanted͒, and the fourth a fluorine implant only (F ϩ implanted͒. A 288 keV, 6 ϫ10 13 cm Ϫ2 phosphorus implant was used and was chosen to be similar to those used for a selective implanted collector in a bipolar process.
14 A 185 keV, 2.3 ϫ10 15 cm Ϫ2 F ϩ implant was used and the energy was selected such that the fluorine range was the same as that of the phosphorus implant. The layers were annealed by rapid thermal annealing in nitrogen at 1000°C for 30 s. Boron ͑B11͒ and fluorine ͑F19͒ concentration depth profiles were obtained on all samples by secondary ion mass spectroscopy ͑SIMS͒ using a 5 keV oxygen beam with oxygen flooding. Figure 1͑a͒ shows the effect of a P ϩ implant on the boron diffusion in the absence of a F ϩ implant. It can be seen that the P ϩ implant causes significant extra diffusion of the boron marker layer compared with the unimplanted control sample. Comparing the boron profiles at a concentration of 1 ϫ10
17 cm Ϫ3 , we find that the width of the P ϩ implanted boron profile is 138 nm, compared with 108 nm for the unimplanted boron profile and 48 nm for the as-grown boron profile. These results indicate that the phosphorus implant gives rise to TEBD. We also notice that the boron profile in the P ϩ implanted sample is asymmetrical, with more diffusion into the substrate. This is due to the backflow of excess interstitials, as has been reported previously for TEBD caused by a silicon implant. 4 Figure 1͑b͒ shows the effect of a F ϩ implant on TEBD in samples implanted with P ϩ . It is clear that there is dramatically less boron diffusion in the sample implanted with F ϩ . Comparing the boron profiles at a concentration of 1 ϫ10
17 cm Ϫ3 , we observe that the diffusion of boron into the substrate in the P ϩ and F ϩ implanted sample ͑14 nm͒ is 42 nm less than that in the P ϩ implanted sample ͑56 nm͒, which indicates that the F ϩ implant has reduced the boron diffusion by 75%. Comparing Figs. 1͑a͒ and 1͑b͒ , we notice that the boron diffusion for the P ϩ and F ϩ implanted sample is less than that for the unimplanted sample in Fig. 1͑a͒ . This indicates that the F ϩ implant has not only totally suppressed the boron transient enhanced diffusion caused by the P ϩ implant, but has also greatly reduced the thermal diffusion. Figure 1͑c͒ shows the effect of a F ϩ implant on boron thermal diffusion in samples not given a P ϩ implant. It can be seen that there is considerably less diffusion in the a͒ Electronic mail: pa@ecs.soton.ac.uk APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 20sample implanted with F ϩ than in the unimplanted sample. Comparing the boron profiles at a concentration of 1 ϫ10
17 cm Ϫ3 , we find that the diffusion of boron into the substrate for the F ϩ implanted sample ͑11 nm͒ is 20 nm less than that in the unimplanted sample ͑31 nm͒, which indicates that the F ϩ implant has reduced the thermal boron diffusion by 65%. Figure 2 compares the as-implanted fluorine profile with the annealed fluorine and boron profiles of the F ϩ implanted sample discussed in Fig. 1͑c͒ . The annealed fluorine profile is considerably different than the as-implanted profile and shows two broad peaks. The deeper peak lies at a depth of 0.43 m, with a peak concentration of 9.11ϫ10 19 cm Ϫ3 . This peak concentration is slightly higher than the asimplanted peak concentration of 8.32ϫ10 19 cm Ϫ3 , and slightly deeper than the as-implanted range of 0.42 m. The shallower peak lies between 0.05 and 0.22 m and shows three small peaks at depths of 0.13, 0.17, and 0.20 m. The integrated dose of the as-implanted fluorine SIMS profile is 2.3ϫ10 15 cm Ϫ2 . The integrated fluorine dose after anneal is 1.6ϫ10 15 cm Ϫ2 , indicating that 30% of the implanted fluorine has been lost during the anneal. The majority of the fluorine lost comes from the surface side of the fluorine peak, but there is also some loss of fluorine from the substrate side. The fluorine profile after anneal in the sample implanted with both P ϩ and F ϩ is not shown but was broadly similar to that shown in Fig. 2 .
The results in Figs. 1͑b͒ and 1͑c͒ show that the high energy F ϩ implant has not only completely eliminated TEBD, but has also given a substantial 65% reduction in the thermal diffusion of boron. Reductions in the transient enhanced diffusion of boron by fluorine have been reported previously in the literature, [5] [6] [7] [8] [9] [10] [11] and our results are comparable with the largest suppressions reported. 10 Suppression of boron thermal diffusion has not been reported previously, and possible explanations are discussed subsequently.
Boron thermal diffusion is mediated by interstitials, and hence our results suggest that the fluorine implant is suppressing the interstitial concentration in the vicinity of the boron profile. Simulations of vacancy and interstitial profiles following a P ϩ implant, 15 have predicted a shallow, vacancyrich region extending from the surface to a depth of about R p /2 (R p ϭimplantation range͒ and a deeper, interstitial-rich region beginning at a depth just beyond R p . The correlation between these simulations and the fluorine peaks in Fig. 2 are very strong, suggesting that the deep F peak may be due to fluorine trapped at interstitial-type defects and the shallow F peak due to fluorine trapped at vacancy-type defects. There is considerable evidence in the literature for the formation of vacancy-fluorine clusters 16 and complexes, 11, 17 and for the formation of fluorine-interstitial clusters close to the implan-FIG. 1. Boron SIMS profiles of a buried boron marker layer after MBE growth and anneal for 30 s at 1000°C. ͑a͒ An unimplanted sample and a sample implanted with P ϩ prior to anneal; ͑b͒ samples implanted with P ϩ only and with both P ϩ and F ϩ prior to anneal; ͑c͒ an unimplanted sample and a sample implanted with F ϩ only prior to anneal. tation range. 18 The trapping of fluorine at interstitial type defects at the deep fluorine peak would prevent the backflow of excess interstitials and hence eliminate TEBD. The presence of fluorine-vacancy complexes in the vicinity of the boron profile would explain both the presence of the shallow fluorine peak and the suppression of the boron thermal diffusion due to the presence of a local excess vacancy concentration resulting in an undersaturation of the interstitial concentration. Another possibility is a chemical interaction between the boron and the fluorine, which would explain the presence of the shallow fluorine peak. If this chemical interaction prevented the interaction of boron with interstitials 9, 10 or reduced the mobility of interstitial boron, 19 it could also explain the suppression of boron thermal diffusion. Ab initio calculations have suggested the existence of a stable B-F cluster in which the fluorine intrudes into the B-Si bond and pushes the subsitutional boron away from its initial position. 11 However, ab initio calculations have also been reported to show no significant binding energies between boron and fluorine. 16 These considerations suggest that the most likely explanation for the suppression of boron thermal diffusion by fluorine is an excess vacancy concentration in the vicinity of the boron profile due to the formation of vacancy-fluorine clusters and hence an undersaturation in the interstitial concentration. However, a chemical interaction between boron and fluorine cannot be completely discounted at the present time without further experimental work.
In conclusion, a study has been made of the effect of a high energy F ϩ implant on the thermal diffusion of boron from a shallow marker layer grown by MBE and annealed for 30 s at 1000°C. In samples implanted with F ϩ only, the fluorine reduces the boron thermal diffusion in comparison to annealed unimplanted samples by 65%, and in samples implanted with P ϩ and F ϩ , the fluorine completely suppresses transient enhanced boron diffusion. Fluorine SIMS profiles show a broad fluorine peak in the vicinity of the boron profile, and a deeper peak just beyond the range of the fluorine implant. An explanation for the boron thermal diffusion suppression is proposed in which the fluorine increases the excess vacancy concentration in the vicinity of the boron profile due to the formation of fluorine-vacancy clusters, and hence creates an undersaturation in the interstitial concentration.
